Typically, perceptual stabilization mechanisms make us unaware of the retinal image motion produced by the small, involuntary eye movements our eyes constantly make during fixation. The breakdown of perceptual stability is demonstrated by the on-line jitter illusion, in which a circular static pattern appears to jitter coherently when surrounded by a flickering annular pattern. Although both regions of the stimulus are subject to retinal motion from eye movements, the visual system attributes this motion to the central static region in the form of visual jitter, while the surrounding flickering region remains perceptually stable. We investigated factors influencing this allocation of motion and reference frame in the online jitter illusion. The flickering of the surround was found to impair the detection of simultaneous random-walk motion in this area, giving a detection reliability of around 80% for motion approximating that from fixational eye movements. Changes to spatial texture and location of flicker (centre vs. surrounding annulus) had little effect on the final percept. However, use of a nonconcentric stimulus resulted in a marked reduction in apparent jitter in all subjects. Our results suggest for the on-line jitter illusion, allocation of motion and reference frame is influenced by the general principle that, if one region surrounds another, the surrounding region tends to be allocated as the frame of reference. When this factor is controlled for, spatial textures, location of flicker, and the masking of motion by flicker have a smaller but measurable influence on the final percept.
Introduction
Even when fixating, our eyes are in constant motion due to small, involuntary eye movements. These eye movements are not without functional significance, as visual images quickly fade from view with retinal stabilization, suggesting their beneficial role in preventing neural adaptation and maintaining vision (Riggs, Ratliff, Cornsweet, & Cornsweet, 1953; Ditchburn & Fender, 1955) . The three main types of small eye movements are tremor, drift, and microsaccades (Carpenter, 1977) . Tremors are tiny (<1 arc min), rapid ($90 Hz) oscillations (Carpenter, 1977) , thought to play a minimal role in visual perception (Sharpe, 1972) . Drifts are slower motions of the eye, occurring simultaneously with tremors and in-between microsaccades (Ratliff & Riggs, 1950) , with a relatively large positional random walk; their position time series approximated by the ''1/f" amplitude spectra in the frequency domain (Eizenman et al., 1985) . Microsaccades are fast jerk-like movements (>10 arc min), but the rarest (3-4 times per second) of fixational eye movements (Martinez-Conde, 2006) . Despite this instability, we perceive the world as being stable because the visual system is able to compensate for the resulting retinal motion arising from small eye movements. Precisely how this is achieved remains unclear, however.
Reducing motion sensitivity to tiny oscillations would be the simplest strategy for the visual system to achieve perceptual stability, which would be the case for tremor, given their amplitudes are at the visual acuity limit and their frequency range exceeds human flicker fusion frequencies (Sharpe, 1972; Spauschus, Marsden, Halliday, Rosenberg, & Brown, 1999) . However, suppression of all small motions is not ideal as we would have no percept of a target's motion until it exceeds some threshold (Arathorn, Stevenson, Yang, Tiruveedhula, & Roorda, 2013) . It may be the case, that retinal image motion arising from microsaccades goes unnoticed due to saccadic suppression, with evidence to support a unified neural generator of saccades and microsaccades (Zuber, Stark, & Cook, 1965; Sparks, 2002 , Otero-Millan, Macknik, Serra, Leigh, & Martinez-Conde, 2011 . Drifts on the other hand, which are partly derived from random neuronal firing of the oculomotor system (Eizenman et al., 1985) cannot be cancelled the same way, and some computation of image motion must occur to cancel them and so achieve visual stability.
While compensation of larger, voluntary eye movements may be achieved by using biological signals such as efference copy or proprioceptive feedback from the extraocular muscles (Bridgeman & Stark, 1991) , small eye movements that occur during fixation are unlikely to be encoded by extraretinal signals within a reasonable time (Murakami, 2003) . Additionally, retinal slip resulting from small movements or vibrations of the eyes due to external factors such as head movement will not have a proprioceptive feedback or efference copy correlate (Murakami & Cavanagh, 2001 ). As such, a retinal-image based model of stabilization has been proposed for small eye movements, where retinal image motion signals are used to cancel retinal motion arising from small eye movements (Murakami & Cavanagh, 1998; Wertheim, 2010) . This model proposes that the visual system cancels out common motion (across the entire visual scene) arising from small eye movements, whilst interpreting differential motion as evidence for object motion (Murakami & Cavanagh, 1998) .
A breakdown of this normally functioning stabilization mechanism can be demonstrated by two compelling illusions -the ''jitter aftereffect illusion" (Murakami & Cavanagh, 1998) , and the ''online jitter illusion" (Murakami, 2003) . Respectively, these illusions use either adaptation to dynamic random noise in the surround, or simultaneous presentation of flicker in the surround, to create differential motion signals between the centre and surround regions. The stimulus in both illusions typically consists of a concentric disk and annulus, both filled with a random-dot texture. In the jitter after-effect illusion, the observer passively views the adapting stimulus with steady fixation, which consists of a static centre and dynamic noise in the annulus. After adaptation, both regions physically become static, and illusory jitter is perceived within the centre region while the annulus region appears stationary. In the on-line jitter illusion (see Section 2.1 for details), the presence of synchronous flicker in the annulus elicits illusory motion of the centre region, which occurs immediately and lasts as long as the annulus region continues to flicker. The resulting percept in both illusions is a jittery percept of the centre, relative to a stable surround region. The jittery percept of the centre is thought to be a direct manifestation of the underlying small eye movements becoming visible due to the failure of perceptual stabilization mechanisms given these differential motion signals.
Many aspects of the jitter aftereffect illusion -such as its storage properties, selectivity for direction and spatial frequency, interhemifield and inter-ocular transfer, stimulus size specificity, and stimulus configuration on the subjective percept -have been extensively investigated by the original authors (Murakami & Cavanagh, 1998 , 2001 . However, the focus of investigations into the on-line jitter illusion have predominantly been on studying the correlations between illusory jitter and fixational eye movements, fixation stability, and motion sensitivity (Murakami, 2003 (Murakami, , 2004a (Murakami, , 2004b Murakami et al., 2006; Murakami, 2010 ).
Murakami's simulations of motion-energy detection describe how a flickering surround confuses early motion-energy detectors to yield a motion energy difference between the two regions (Murakami, 2003) . The simulation implemented a motion energy-response model (Adelson & Bergen, 1985) , where the retinal image is filtered by biphasic temporal impulse response and spatial impulse response functions. The filtered outputs are then squared and summed to yield motion-energy responses, to see the changes of motion-energy unit outputs associated with flicker (Murakami, 2003) . Simulations reveal that motion energy units yield oscillatory responses in the presence of flicker, such that motion is reported in the correct direction for more than half the period, but occasionally report incorrectly in the opposite direction -around 50 ms after the onset of each grey interval (off-duty period of flicker). These are occasions where centre and surround are reported oppositely despite eye movements being common in both regions, as the retinal motion in the flickering surround is erroneously reported in the opposite direction to that of the static centre (see Discussion for further details). The results are in agreement with previous studies demonstrating the effect of blank interstimulus intervals (ISI) on the behaviour of motion-energy processing (Shioiri & Cavanagh, 1990; Takeuchi & De Valois, 1997) .
While motion-energy differences between the two regions result in the incorrect encoding of motion arising from eye movements, it is unclear how this leads to retinal image motions being visible only in the centre and not the surround in the on-line jitter illusion (Murakami, 2003) . The differential motion signal between centre and surround induced by the flickering surround is ambiguous, and could equally be interpreted as arising from motion in the centre alone, from motion in the surround alone, or from equal but opposite motion in both regions. There are several hypotheses that may explain why motion is seen only in the centre region in the on-line jitter illusion. Firstly, salient flicker in the surround region could mask motion that may be attributed to the surround (Murakami, 2003) . Secondly, the centre/surround stimulus configuration may guide the perceptual allocation of motion and reference frame to the centre and surround regions respectively. Wallach's experiments demonstrate that when one object surrounds another, regardless of which of the two objects are moved, the resulting percept is of the surrounded object in motion while the surrounding object remains at rest (Wallach, 1959) . Finally, differences in spatial texture of the centre and surround regions (the presence and absence of high spatial frequency components) may influence the allocation of motion and reference frame. The influence of spatial frequency components and contrast in the allocation of reference and illusory motion has been demonstrated by Kitaoka and the out-of-focus illusion (Kitaoka, 2001) , where motion is allocated to the low spatial frequency populated centre, while the surround of high spatial frequency texture remains stable (Greene et al., 2016) . A variant of this illusion in which the spatial frequency components are reversed results in the percept of motion and reference also being reversed, such that the surround is seen to jitter (Kitaoka, 2003) . Although the generation of the on-line jitter illusion is not predicated upon the presence or absence of high spatial frequencies in the textures populating the two regions, it is unclear the extent to which this may influence the allocation of motion and reference in the final percept. Therefore, we included the manipulation of these spatial textures in our explorations of the on-line jitter illusion.
We aimed to explore the above hypotheses by combining psychophysical and phenomenological studies. The first part of the paper (Sections 3.1-3.3) were exploratory in nature, where we sought to examine how specific changes to the stimulus such as spatial configuration, spatial textures, and location and presence of flicker interact to influence the final percept of the on-line jitter illusion. The latter part of the paper (Sections 3.4-3.5) involved investigation of flicker contrast modulations on illusion generation, flicker detection, and motion detection in the presence of flicker.
First we re-assigned spatial texture and flicker to different regions of the concentric circle stimulus to observe whether any changes resulted in the allocation of motion and reference frame. If either or both factors were critical in generating the final percept, we expected to observe an inversion of the illusion, i.e. the surround region jittering relative to a stable centre. Second, we rearranged stimulus regions such that the two regions were equivalent in area, eccentricity, and were non-overlapping. We wanted to examine whether the illusion would persist with the change in spatial configuration, as well as observe the influence of spatial texture and flicker location in the absence of centre/surround spatial relations between the two regions. Third, the flicker contrast amplitudes required for illusion generation and detection of flicker were established. This fed into the final experiment in which we compared motion detection thresholds in the presence and absence of flicker, to assess the degree to which motion was masked by flicker. We did not explore the effect of manipulating temporal parameters on the illusion such as flicker frequency and duty cycle due to existing work by Murakami (Murakami, 2003) , in which simulations and human perceptual jitter matching established the duration of the off-duty period of flicker to be most important in determining the magnitude of the illusory percept.
Although we were unable to measure fixational eye movements for our study, previous eye movement recordings have demonstrated illusory jitter magnitudes to vary with eye movement statistics (Murakami, 2003) -observers with greater fixational eye movements perceive greater illusory jitter. To establish that stimulus changes were not evoking any changes in eye movements, Murakami performed eye movement recordings at several levels of artificial physical jitter, as well as for flickering and nonflickering stimuli. The results showed no changes in eye movement statistics with changing stimulus parameters, which suggests spatial and temporal properties of the stimulus do not intrinsically change eye movements. Phenomenological observations provide further support for illusory jitter arising from eye movementsillusory percept correlates with the retinal image motion as would be expected from eye movements such as slow pursuit and eye vibrations from external force such as tapping of the cheek (Murakami, 2003) . In light of the existing evidence, it can be considered well established that fixational eye movements are the source of the jittery motion seen in the described illusions.
General methods
We tested five normal observers (28-30 years), who were naïve to the specific aims of the study. All had normal or corrected-tonormal vision (better than logMAR 0.10) and viewed stimuli using their habitual spectacle correction and natural pupils. Observers took part in all experiments, and their respective results are labelled A-E in subsequent figures in the results section. The study followed the Declaration of Helsinki guidelines and was approved by our institutional ethics committee. All observers gave informed consent prior to participation.
Stimulus
The stimuli were presented on a calibrated computer monitor system (ViSaGe graphics card: Cambridge Research Systems, UK; Display++ 32-inch LCD monitor: Cambridge Research Systems, UK; resolution 1920 Â 1080, frame rate 75 Hz, subtending 58.4 Â 34.9 deg at 62.5 cm) in a darkened room. Observers viewed the stimulus display binocularly, with their heads stabilized by a chin rest.
The configuration of the reference stimulus was as per the original on-line jitter illusion (Murakami, 2003) . In brief, this consisted of a centre circle with a diameter of 13.3 deg, and a surrounding annulus with an outer diameter of 26.6 deg ( Fig. 1 ). All stimuli were displayed on a uniform 54.7 cd/m 2 grey background. A fixation spot was provided at 10 deg offset to the right from the centre of the concentric stimulus, which always remained visible (8 Â 8 arc min) unless stated otherwise. The bordering region between the two zones was blurred by a cumulative Gaussian shaped contrast modulator with a standard deviation of 40 min arc. The surround region was filled with a random dot texture (RDT), each dot 16 Â 16 min arc wide, and consisted of 50% black and 50% white dots. The RDT flickered synchronously at 9.4 Hz (all dots remained on during the 80 ms on-duty period, and switched to mean luminance grey for 27 ms during the off-duty period). The centre was populated with another random texture, consisting of Gaussian elements (GE), each element consisting of a luminance profile of an isotropic two-dimensional Gaussian (maximum luminance 105.9 cd/m 2 ) with a standard deviation of 8 min arc, with a dot density of 3.5 dots/deg 2 . Both patterns had maximum Michelson contrasts of 99%.
For as long as the static surround was flickered, the central pattern appeared to move coherently (''jitter") in random directions while the observer maintained gaze on the fixation target, as previously described (Murakami, 2003) . This formed the reference stimulus for all subsequent experiments (Fig.2D ). For all test stimuli, the location of flicker and spatial textures were varied to test our hypotheses ( Fig. 2A-C) . For all stimuli, the RDT and GE noise textures were randomly generated for each trial.
In our first experiment (Section 3.1), we reversed the spatial textures populating the two regions, such that the surround and centre regions were filled with GE and RDT random textures respectively ( Fig. 2A) . We also altered the region of flicker to examine its influence on the illusory percept. To anticipate possible weighting differences in motion energy between centre and surround where the centre was flickered, we included a condition where the diameter of the central circle was increased to ensure the total flicker area of this region was equivalent to the total area of the flickering annulus of the original stimulus configuration ( Fig. 2A) . Lastly, we repeated all testing conditions applying the same Gaussian contrast modulator applied to the centresurround border, to the outer border of the annulus region as well. This was done because the saliency of the illusion has been reported to be influenced by peripheral viewing due to the centre-surround border being perceptually more obscure with eccentric fixation (Murakami, 2003) . Any differences between test conditions and their respective conditions with the blurred annulus border would provide information on whether a sharp or contrast modulated border had any influence on the final percept.
In the second experiment (Section 3.2), we populated both regions of the stimulus with RDT or GE noise in order to remove spatial texture differences altogether (Fig. 2B ).
In the third experiment (Section 3.3), two square regions (13.3 Â 13.3 deg) were arranged side by side; displayed on a uniform grey background (Fig. 3) . A fixation target was provided 10 degrees above the centre of the stimulus. The bordering region between the two zones was blurred by a Gaussian shape contrast modulator with a standard deviation of 40 min arc. The regions were filled with RDT and GE random noise with the same spatial and temporal properties as the original stimulus. On a given trial, there was equal chance of the location of flicker or the spatial texture being displayed on either the left or right region, depending on the condition being tested; the subject was required to rate the magnitude of jitter perceived in the left and right regions, regardless of the spatial texture and flicker location.
In the fourth experiment (Section 3.4), we investigated the effect of modulating the flicker on illusion generation and flicker detection. The original concentric stimulus was used as in Fig. 1 , which consisted of a flickering surround and static centre, populated with RDT and Gaussian elements respectively. The temporal properties of the flickering RDT surround were as per the original illusion. However, instead of the RDT switching to mean luminance grey during the off-duty period, the same RDT noise displayed during the on-duty period was displayed during the off-duty period but at reduced contrast, resulting in a reduction in the flicker contrast amplitude. We defined the flicker contrast amplitude as the difference in contrast of the RDT displayed during the onand off-duty period. Thus, increase in flicker contrast amplitudes resulted in an increase in the saliency of the flicker. Since the onduty period always had a contrast of 1.0, flicker contrast amplitude = 1.0 -contrast off . Flicker contrast amplitudes (0.001, 0.006, 0.023, 0.045, 0.68, 0.90) were selected based on pilot testing (data not shown) such that the drop off in flicker detection performance and changes in jitter rating would be adequately captured by the three lower and upper flicker contrast amplitudes used in this experiment, respectively.
In our final experiment (Section 3.5), we investigated the ability of flicker to mask motion by artificially moving the surround RDT pattern via a random walk. The RDT pattern displayed on both the on-and off-duty periods were moved, and were generated by sub-pixel rendering using linear interpolation. We randomly sampled instantaneous velocities every 26 ms from an isotropic twodimensional Gaussian probability density function with a variable standard deviation (0.003, 0.05, 0.10, 0.15, 0.20, 0.25; r in deg/s) (Murakami, 2003) . The Gaussian probability density function was centred at 0 deg/s. We chose to use random walk motion, as it has been established that small eye movements follow Brownian random walk (Eizenman et al., 1985) .
Procedure

Rating tasks
Observers were asked to rate the magnitude of coherent motion (''jitter") perceived in both the surround and centre (or, when nonconcentric, left or right) regions of the stimulus while maintaining fixation on the fixation spot. Observers chose an integer from 0 to 10, with 0 being no jitter perceived, and 10 being jitter equivalent in magnitude to that of the centre in the original on-line jitter illusion. Observers were informed they could give a rating greater than 10 for jitter greater than the original on-line jitter illusion, although this was never observed. Using the on-line jitter illusion as a reference meant that the perceived magnitude of jitter equivalent to a 10 was determined by each observer's own small eye movements. Subsequent ratings for a given test stimuli were relative to the reference which was unique to each observer, thus ratings were free from assumptions about the observers' eye movement statistics in the absence of eye movement recordings. The on-line jitter illusion was demonstrated periodically (minimum every two blocks of trials) to remind observers of what a ''10" rating looked like.
Stimuli appeared for 5 s, after which a uniform grey background was displayed for a minimum of 10 s and appropriate ratings given by the observer. This minimum period was determined from pilot testing (data not shown), and ensured the percept would not be affected by adaptation to the flicker (Murakami & Cavanagh, 1998) , or by afterimages from the preceding stimulus presentation. Where the non-concentric stimulus was used, flicker was randomly presented in either the left or right region, and subjective ratings of jitter were grouped according to flickering and nonflickering regions for analysis. Presentation of all testing conditions within each experiment were interleaved and randomized. Statistical analyses were not performed on the results of the rating experiments (Sections 3.1,3.2) as we were interested in observing changes in the illusion percept with each testing condition, and not in the absolute magnitude of these ratings.
Detection tasks
We used a two-interval forced choice (2IFC) method of constant stimuli, where observers were required to indicate, verbally or by button press, the interval with the stimulus which had the surround region flickering (Section 3.4) or in motion (Section 3.5), respectively. Feedback was given for correct and incorrect responses for every trial. The fixation spot remained on, but disappeared briefly during the stimulus presentation in the motion detection task, to avoid a stable reference against which motion in the surround could be judged. Standard deviations for each of the 2IFC tasks for individuals' performance were estimated from the variance of the binomial distribution (Lu & Dosher, 2013) .
For the flicker detection task, each interval consisted of 1 s stimulus presentations with an interstimulus duration of 500 ms. For the motion detection task, stimuli were presented for 500 ms with an interstimulus duration of 500 ms. A shorter stimulus duration was used in the motion detection task due to a limitation in the number of video pages available in our hardware. Eleven frames (147 ms) of random walk motion had to be cycled approximately 3.4 times to present the stimulus for 500 ms. The potential for large motion ''jumps" from the first and last frame of the stimulus cycle was eliminated by playing each alternate cycle in reverse.
Results
Reversal of spatial texture and flicker location with concentric stimulus configuration
For all observers, the greatest magnitude of jitter was perceived in the centre (unfilled symbols) when the surround region was flickered ( Fig. 4; flicker surround (FS) condition) . The ratings of jitter in this condition suggest spatial texture to have some influence on the final illusory percept, as evidenced by a slight reduction in perceived jitter of the centre reported by observers (average rating ± SEM of 6.6 ± 0.9). Flickering of the centre (filled symbols) resulted in little to no jitter being attributed to any region of the stimulus ( Fig. 4 ; flicker centre (FC) condition). Enlarging the physical area of the flickering centre to equalize flicker energy did not elicit any illusory jitter ( Fig. 4; FC_equivA condition) . Applying the Gaussian contrast modulator to the outer border of the annulus did not affect the magnitude or the attribution of motion in the final percept, and ratings were comparable to their respective conditions (results not shown). In summary, the results of this experiment suggest that a flickering surround is critical in generating the illusion, with spatial textures influencing the final percept to a small extent with a concentrically arranged stimulus.
Identical spatial textures and flicker location with concentric stimulus configuration
The influence of flicker location and spatial textures cannot be disentangled from one another from the results of the previous experiment, as both factors were present in the stimulus. Here we used stimuli (Fig.2B ) which had identical -either both RDT or both GE -spatial textures in both regions, allowing us to investigate the influence of flicker location, without the influence of spatial texture differences.
Our results (Fig. 5 ) confirm that the presence or absence of high spatial frequency components are not essential in producing the illusion (Murakami, 2003) . Additionally, it is not essential for regions of the stimulus to be defined as being separate by the presence of spatial texture differences in order for motion and reference frame regions to be perceptually allocated. As long as the surround was flickered (FS conditions in Fig. 5 ), observers reported jitter in the centre relative to a stable surround as per the percept of the original illusion. When the centre was flickered (FC conditions), observers reported little to no motion in either region for both RDT and GE conditions, in accordance with results from flickering centre conditions in the previous experiment (Section 3.1).
Non-concentric spatial configuration
Here we investigated the role of flicker location and spatial textures without the influence of concentrically arranged stimulus regions. Subjective ratings for the non-concentric stimulus configuration revealed a marked reduction in perceived jitter in all conditions for all observers. Where spatial texture differed between the two regions ( Fig. 2C left) , averaged ratings (±SEM) for flickering and non-flickering regions were 2.6 (1.7) and 0.3 (0.2) for when the RDT region was flickered, and 0.8 (0.4) and 0 (0) for when the GE region was flickered. Applying a Gaussian contrast modulator to the outer borders of the square stimulus made little difference to these ratings. When both regions were populated with the same texture (Fig. 2C right) , ratings for flickering and non-flickering regions were 2.9 (1.5) and 0 (0) for RDT, and 1.4 (0.9) and 0.2 (0.1) for GE textures. Ratings were significantly different between flickering and non-flickering regions of the stimulus (repeated measures (RM) two-way ANOVA; F(1,24) = 11.06, p = 0.0028), but were not influenced by spatial textures (F(5,24) = 0.7187, p = 0.6157). Overall, there was no interaction between flicker location and spatial textures on ratings (F(5,24) = 0.4571, p = 0.8040).
As an additional check for the possible influence of the fixation spot lying outside of the stimulus regions of the non-concentric stimulus configuration, we placed the fixation spot in the centre of the two stimulus regions. Although a similar pattern was observed where jitter was more likely to be reported in the flickering region, we found no significant difference between flickering and non-flickering regions (RM two-way ANOVA; F (1,8) = 0.8915, p = 0.3727), and spatial textures (RM two-way ANOVA; F(1,8) = 3.789, p = 0.0874) for this condition.
In summary, when stimulus regions were arranged nonconcentrically, observers were more likely to report motion in the flickering region of the stimulus when jitter was perceived, albeit at magnitudes lower than that of the original illusion. Changes to spatial texture made little to no difference in where motion and reference frame were perceptually assigned. 
Flicker detection thresholds and flicker modulation depth for illusion generation
Flicker in the on-line jitter illusion has been attributed to creating an artificial motion energy difference between the two regions, resulting in the incorrect encoding of retinal image motion arising from eye movements (Murakami, 2003) . As flicker is integral in creating this motion-energy difference and generating the illusion, we investigated the relationship between flicker modulation thresholds for generating the illusion and for simple detection of the flicker itself.
Our results are shown in Fig. 6 , and demonstrate that flicker contrast amplitudes required for illusion generation (unfilled circles) are much higher -in the order of a log unit -than those required for flicker detection (unfilled squares). As such, the perception of flicker in the surround is not itself sufficient to generate a motion illusion, and the motion energy differential generated by a flickering surround is only of significance at the highly suprathreshold contrast levels originally modelled by (Murakami, 2003) .
Motion detection thresholds and motion masking by flicker
Given the differential motion energy that results from the flickering surround, it remains unclear why the visual system registers common image motions from eye movements differently between flickering and non-flickering regions. Only the centre is perceived to jitter despite both regions being uncommon relative to each other. It is possible that the perception of salient flicker in the surround masks any jitter that may be attributed to this region. To explore this, we examined detection thresholds for random walk motion in the presence and absence of flicker (Fig. 7) .
In the absence of flicker (Fig. 7 , unfilled symbols), motion detection improves with increasing random walk speed amplitudes until it reaches a plateau at the upper end of the sigma levels used. These results are in agreement with random walk detection thresholds for physical jitter as reported by Murakami (Murakami, 2003) . In the presence of flicker (Fig. 7, filled symbols) , a similar pattern of performance is seen with increasing sigma, although performance plateaus to levels which are lower than that of the equivalent sigma levels in the non-flicker condition. Random walk motion detection performance was affected by both r (RM two-way ANOVA; F(5,24) = 14.19, p < 0.0001) and the presence/ absence of flicker in the surround (F(1,24) = 68.58, p < 0.0001). Motion detection performance was significantly worse in the presence of flicker for all levels of r except 0.003 deg/s (post hoc Bonferroni corrected pairwise comparisons, p < 0.05).
Next, we modulated flicker contrast amplitudes (using the same levels as in Section 3.4) and examined motion detection performance for a fixed random walk size (Fig. 8 ). We fixed the r level at 0.3 deg/s as random walk motion of this size has previously been perceptually matched to that of small eye movements (Murakami, 2003) , and our results in Fig. 7 showed that random walk motion detection performance had plateaued for r levels of 0.15 deg/s and higher.
The results show detection of random walk motion of size comparable to that of typical fixational eye movements to deteriorate in the presence of high flicker contrast amplitudes. These levels (up to 0.9 flicker contrast) are similar to the unity amplitude of the original illusion, and demonstrate that the type of motion seen in the illusion is indeed at least partially masked in the presence of salient flicker. Of note, however, is that motion detection performance remains quite high -typically around 80% -despite full flicker contrast. This suggests that the visual system should have some potential to detect fixational eye movements in the flickering surround region of the on-line jitter illusion. Despite this potential, the presence of a flickering surround typically results in no perceived motion in the surround whatsoever ( Fig. 4; FS condition) .
As random walk motion of the RDT pattern was present on both the on-and off-duty periods, motion of the off-duty RDT pattern became less visible with increasing flicker contrast levels. Therefore, it is possible that increased motion thresholds could arise simply from a 2/3rd reduction in the duration the motion was visible due to the 2/3 duty cycle of our flicker. We examined the effect of stimulus duration (100, 200, 300, 400, 500, 600 ms) on performance without flicker on two observers (observers A and C) at a fixed r of 0.15 deg/s, and found the critical duration to be 300 ms (data not shown). We found random walk motion detection performance to be affected by presentation duration (RM one-way ANOVA; F(1,5) = 3.750, p < 0.0001). Task performance was significantly different for presentation durations of 100 and 200 ms (post hoc Bonferroni corrected pairwise comparisons, p < 0.05), but remained unchanged for durations of 300 ms and longer (p > 0.05). Our 500 ms stimulus duration for our main experiments is therefore well in excess of the critical duration.
Discussion
Taken together, our findings show that the attribution of motion and reference frame in the on-line jitter illusion is most strongly influenced by the spatial configuration of the stimulus. Subjective ratings of illusory jitter magnitude in response to stimulus changes allowed the characterization of how factors such as spatial texture, location of flicker, and spatial configuration influence the percept of the illusion. Illusory jitter is confined to the centre and perceived only when the surround is flickered, regardless of spatial textures populating the regions. Our results show perceptual stability to be preserved when the centre is flickered, or when the regions are arranged non-concentrically -suggesting that a concentrically arranged stimulus where the flickering region surrounds another, is critical in disabling perceptual stabilization mechanisms.
We considered the influence of spatial configuration to examine the role of Wallach's guiding principle of visual assignment of motion and reference to objects. The principles state that a stimulus configuration in which regions are concentrically arranged is crucial in the perceptual allocation of motion and reference (Wallach, 1959) . In the absence of this spatial relationship, as in our non-concentric stimulus arrangement, the visual system fails to assign motion and reference when regions are spatially equivalent and non-overlapping. Of note is that, in general, very little motion was perceived in either region of our non-concentric stimulus (Section 3.3), when it may have been hypothesised that the illusory motion seen normally should be equally assigned to each region. Furthermore, more motion was seen in the region that flickered, despite the fact that flicker should partially mask motion. The conclusions we can draw from the results of our nonconcentric stimulus may be specific to our stimulus as the manipulations resulted in other spatial changes such as fixation being outside of the stimulus regions, and the border closest to fixation was no longer the border between the stimulus regions. There is scope for a systematic investigation of stimulus configurations taking these factors into account, in order to be able to ascertain the influence of spatial configuration on the perceptual allocation of motion and reference frame in the absence of perceptual stability using the on-line jitter illusion. However, our results are still able to demonstrate the importance of concentrically arranged stimuli regions in the generation of the illusion.
There is physiological support from non-human primate studies that the on-line jitter illusion originates from extrastriate motion areas (Allman, Miezin, & McGuinness, 1985 , Tanaka et al., 1986 . These studies have shown MT neuron responses are suppressed when there is common motion inside and outside of the classical receptive field (RF), but show facilitation when background movement is in the opposite direction to the motion in the centre. If such response properties of the MT neurons are responsible for the ensuing percept of the on-line jitter illusion, the stimulus size, in particular the diameter of the central region, would no doubt have implications for these neuronal responses. Murakami's (Murakami & Cavanagh, 2001 ) investigations on critical stimulus size for the visual jitter illusion have shown critical centre diameter for illusory jitter correspond well with typical RF size of MT neurons of the Macaque (Gattass & Gross, 1981) , and jitter being greatest when the centre size matches the average receptive field size at a given eccentricity (Murakami & Cavanagh, 2001 ).
Although human RF data is unavailable with current physiological techniques, functional magnetic resonance imaging has provided supporting evidence for increased signals from the human MT+ when visual jitter is perceived with the jitter aftereffect illusion (Sasaki, Murakami, Cavanagh, & Tootell, 2002) . In light of the supporting evidence for MT involvement, the non-concentric stimulus configuration and size used in the present study would be a poor candidate for eliciting favourable responses from the MT cells, and may provide an explanation for why little to no jitter was perceived by observers with the non-concentric stimulus.
It is only when perceptual stabilization mechanisms are perturbed that we can visualize retinal slip arising from small eye movements. The on-line jitter illusion is one such example, where the presence of flicker results in retinal slip being made visible in the non-flickering region. Another interesting example of retinal slip being revealed in the percept involves retinally stabilized images due to afterimages. A small positive afterimage viewed in darkness is perceived to move with the eye (Pelz & Hayhoe, 1995) , but when this same afterimage is viewed with a small stationary fixation point, the afterimage is seen to move relative to the fixation point. The percept changes, however, when the afterimage is large and complex, where it is not seen to move with the eyes. When the same fixation point is provided, despite the afterimage being stabilized on the retina, it is seen to be stable while the physically stable fixation point appears to move. This reveals that the assignment of stationarity (or frame of reference) can depend heavily on visual context, and that perceptual stabilization may involve global processing, and provides further evidence of the importance of factors such as ''enclosure" (Wallach, 1959) , and ''frame of reference" (Pelz & Hayhoe, 1995; Power, 1983) in the visual assignment of motion and reference frame in our percept.
A reversal of spatial textures populating the concentric regions of the on-line jitter illusion failed to reverse the allocation of reference frame to the centre region as we had hypothesized (Section 3.1). In fact, the illusion remained intact in the absence of spatial texture differences within the concentric stimulus (Section 3.2). The fact that the same textures can still generate the illusion points to spatial texture differences (the presence and absence of high spatial frequency components) having a limited role in the generation of the on-line jitter illusion, specifically, in the perceptual allocation of motion and reference frame. Our stimulus manipulations, taken together with spatial texture changes, support Murakami's assertion that the illusion is not predicated upon the presence and absence of high spatial frequency components in the stimulus regions. The influence of spatial frequency and contrast has been demonstrated in a variant of the out-of-focus illusion (Kitaoka, 2003) -where a region of high spatial frequency surrounded by a region of low spatial frequency results in illusory motion being perceived in the surround. This jitter seen in the surround is contrary to our expectations based on spatial arrangement of stimulus regions. The ability to make direct comparisons between the two illusions is limited however, as the textures in the out-of-focus and on-line jitter illusions differ in different parts of the spatial frequency spectrum. The percept of the out-of-focus illusion clearly demonstrates the ability of spatial textures to influence the allocation of reference frame and motion over any influence of spatial configuration in some anomalous motion illusions. Kitaoka asserts that in cases where the surround appears to move while the inset is stationary demonstrates how the visual system overcomes the strong tendency for the reference frame to be attributed to the surround. Areas of high spatial frequency and high contrast may indicate to the brain that they are stationary objects, since objects in motion are blurred and out of focus (Kitaoka, 2003; Kitaoka & Ashida, 2002) . While both illusions constitute failures of a normally functioning perceptual stabilization mechanism, the proposed mechanisms for how illusory motion arises in both illusions are distinctly different, and may explain how spatial texture can influence the percept of one illusion, but not the other.
The on-line jitter illusion requires the presence of a flickering annulus to create motion energy differences between flickering and non-flickering regions, causing retinal slip to become apparent in the centre; this is not explicitly dependent on spatial frequency differences between the regions. On the other hand, the out-offocus illusion produces a similar illusory percept within a stationary image without the need for temporal modulations of stimulus regions or adaptation to motion (Greene et al., 2016) . Greene proposes a model in which local motion contrast is used to distinguish object motion from retinal motion, and the cancellation of motion signals relies solely on non-linear response properties of magnocellular projecting retinal ganglion cells (Greene et al., 2016) . The model also has an explicit dependence on the spatial frequency response properties of retinal ganglion cells, which can explain how retinal slip can be revealed in our percept when motion cancellation fails in images with non-uniform spatial frequency statistics such as in Kitaoka's out-of-focus illusion (Greene et al., 2016) . On the other hand, the on-line jitter illusion critically relies on the presence of flicker in the surround for motion energy differences between the two regions to arise. The proposed model (Murakami, 2003) depends on the temporal characteristics of motion detectors, with no explicit dependence on spatial frequency. It is unlikely that the mechanisms by which the two illusions arise share any commonalities, given our results show the on-line jitter illusion to remain intact in the absence of differences in spatial textures.
Our final experiment (Section 3.5) demonstrates that highly salient flicker partially masks motion as shown by the reduction in sensitivity to artificial random walk motion. Previous studies on the behaviour of motion-energy processing units during blank ISIs (Shioiri & Cavanagh, 1990; Takeuchi & De Valois, 1997) are not only able to explain how motion-energy differences are created between the two regions of the stimulus to generate the illusion, but are also able to explain why we observe a reduction in motion detection thresholds in the presence of flicker in the surround. Shioiri & Cavanagh (1990) showed a reversal of the perception of motion direction when a uniform grey ISI was presented between two random-dot stimuli which were shifted relative to each other, and attributed this to the negative phase of a biphasic impulse response function. Simulations reveal the negative phase of a biphasic impulse response function produces an energy shift in the opposite direction to that of the physical displacement of the random dots. Interestingly, the effects were seen only when uniform grey ISIs equivalent to the mean luminance of the randomdot stimuli were used, but were absent when black ISIs were used. The off-duty period which was used in our flicker was 27 ms, which is within the range of ISIs (17-67 ms) which were found to have the greatest perceptual reversal of motion direction (Shioiri & Cavanagh, 1990) . The modulation of flicker in our experiments showed that at near maximal contrast flicker levels, the RDT displayed during the off-duty period had minimal contrast (effectively an ISI approaching uniform grey) -conditions under which perceptual reversal of motion direction is greatest. In regards to our masking experiment, square-wave flicker produces energy in both intervals of our 2IFC experiment over a broad range of temporal frequencies, and without any overall motion direction. One would anticipate that such energy would mask random walk motion -itself having a broad spectrum, and with no net direction of motion -present in one interval of the 2IFC, as we show. It is unclear that any reversal of the perceived random walk motion induced by the flicker plays an important role in this masking, as a flicker induced reversal of instantaneous direction of the random walk would be difficult to distinguish from a reversal due to the random nature of the walk.
The mechanisms for motion masking by flicker and illusion generation are not separable from each other as both are based on the same modelling of motion-energy detectors in the presence of flicker. The perceptual reversals of motion direction which arise from the flicker creates the motion energy difference between the static centre and the flickering surround, as well as playing a role in partially masking motion which may be present within that region. As such, we are not able to differentiate the extent to which each factor influences the observed percept in the on-line jitter illusion.
While the conclusions we can draw from our study may be limited to the on-line jitter illusion, and may lack generalizability to perceptual stability in general, our exploration of the variants of Murakami's on-line jitter illusion provide a fascinating insight into how perceptual changes can arise from simple spatial manipulations of stimuli. The behaviour of motion detectors in early visual processing in the presence of flicker manifests as reduced motion sensitivity as well as creating a motion energy differential which is critical to generating the illusion. Murakami's on-line jitter illusion demonstrates the visual system's need for continuous access to retinal image motion in order to achieve perceptual stability in the face of continuous small eye movements. Our findings of the exploration of the on-line jitter illusion, taken together, demonstrate the importance of stimulus configuration in generating the illusion and influencing the allocation of motion and reference frame in the final percept. Where stimulus regions are arranged concentrically, the illusion generation is predicated on the surround region flickering, and may provide further perceptual support for this region as the frame of reference in the on-line jitter illusion, although such support is secondary to that of spatial configuration.
